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This work examines the effects of manufacturing induced voids on the postbuckling behavior of delami-
nated unidirectional composites. In the ﬁnite element model developed, a through-width delamination is
introduced close to one surface of a ﬂat panel, and a void is placed in the delamination plane ahead of
each delamination front. The panel is subjected to compression in the ﬁber direction. The postbuckling
delamination growth is studied by calculating the strain energy release rate (SERR) using the virtual crack
closure technique. Local stress analyses of the region near the delamination front are also performed to
further investigate the void effects. It is found that although the presence of void does not signiﬁcantly
alter the postbuckling transverse displacement of the delaminated panel, the induced stress perturbation
by the void affects the SERR. The Mode II SERR as well as the total SERR increase depending on the size of
the void and its distance from the delamination front. Since the Mode I SERR shows non-monotonic
behavior with the applied load, the effects of voids are studied on its maximum value.
Published by Elsevier Ltd.1. Introduction
Composite materials continue to be applied in a wide range of
load bearing structures due to their attractive properties. Many
of these structures have a laminated construction, which is prone
to local delamination caused by impact, manufacturing defects or
discontinuities, leading to degradation of structural performance
(Garg, 1988). For a delaminated structure subjected to in-plane
compression, the delamination region may buckle out of the plane
when the compressive load reaches a critical value and an increase
in this load can cause further growth of delamination resulting in
ﬁnal failure.
Chai et al. (1981) were the ﬁrst to develop a one-dimensional
model to study the postbuckling deformation of laminated plates.
Later, Kyoung and Kim (1995) included transverse shear deforma-
tion in the analysis and found the dependence of buckling load on
delamination conﬁguration. Whitcomb (1981, 1984) used two-
dimensional ﬁnite element analysis to study the postbucklingdefor-
mation and the inﬂuence of delamination conﬁguration. Besides
such analytical and numerical investigations, some experiments
were also conducted to characterize the postbuckling behavior
(Kardomateas, 1990). Single versus multiple delaminations havealso been studied, and depending on the conﬁguration of multiple
delaminations, signiﬁcant differences in the buckling behaviorwere
found (Kutlu and Chang, 1995; Lim and Parsons, 1993; Suemasu,
1993). However, for relatively long delamination near the surface,
it was found that the buckling behavior of multiple delaminations
was almost the same as that of a single delamination (Hwang and
Liu, 2001).
In composite materials, voids inevitably exist induced by man-
ufacturing. Many experiments have shown that mechanical prop-
erties such as interlaminar shear strength, fatigue resistance and
compressive strength decrease with increasing void content
(Bowles and Frimpong, 1992; de Almeida and Neto, 1994; Ghiorse,
1993; Judd and Wright, 1978; Suarez et al., 1993; Wisnom et al.,
1996). In spite of the overwhelming evidence, relatively few
models are available to analyze the effects of voids. Based on the
beam theory, Hagstrand et al. (2005) found that the presence of
voids had a detrimental effect on the ﬂexural modulus and
strength. Huang and Talreja (2005) proposed a computational
model to assess the effect of void geometry on elastic properties
of unidirectional composites and showed that the voids have much
larger inﬂuence on reducing the out-of-plane properties than the
in-plane ones. Recent studies (Lambert et al., 2012; Ricotta et al.,
2008) have indicated that the void content by itself is inadequate
to explain the effect of voids. Instead, factors such as size and shape
of voids, as well as their location, must be considered. In fact the
effect of voids and other defects such as ﬁber waviness and
irregular ﬁber distribution in initiating damage and the interaction
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‘‘defect damage mechanics’’ (Talreja, 2009) for assessing the effects
of defects on composite performance.
This paper presents results of a parametrical study of the effects
of voids on the postbuckling behavior of a unidirectional composite
panel with a through-width delamination. Recent investigations on
voids (e.g., Lambert et al., 2012) have indicated that extremes in
the distribution of voids and their placement in critical areas are
important factors in affecting the composite performance. As a re-
sult, instead of studying distributed voids throughout the volume
and their averages, we choose to focus here on the critical effects
of the voids in terms of their size and placement. Thus we place
one void each ahead of the two fronts of the delamination lying
parallel and close to the surface of the panel loaded in axial com-
pression and in the parametric study vary the size of the voids
and their distance from the delamination front. For a single delam-
ination, local buckling usually occurs at a lower load than global
buckling (Wang and Zhang, 2009). The effect of voids on strain en-
ergy release rate (SERR, denoted G) is calculated to represent the
driving force for delamination growth. The local stress ﬁeld near
delamination front is also studied in order to further understand
the effects of voids.2. Model description
We model the problem as a 2-D composite plate with ﬁbers in
the longitudinal direction containing a single through-width
delamination close to one of the plate surfaces. For comparison
purposes, the material properties taken are those used in Whit-
comb (1984) (Table 1). The plate is assumed to be clamped at both
ends and loaded in axial compression. The dimensions used in the
model are labeled in the 2-D section of the plate in Fig. 1, and are as
follows. Plate length 2L = 100 mm, thickness H = 2.0 mm and width
(not shown in Fig.1) is assumed to be 20 mm; delamination length
2a = 30 mm, and the shorter distance of delamination from the
plate surface t = 0.25 mm. For the selected dimensions of the plate
and delamination, and the distance of delamination from the sur-
face, local buckling is expected to occur under axial compression.
To study the effect of manufacturing induced voids on the local
buckling of the plate, one void is placed ahead of each delaminationTable 1
Elastic material properties (Whitcomb, 1984).
E11 (GPa) E22 (GPa) G12 (GPa) t12
140 14 5.9 0.21
Fig. 1. Schematic illustrfront in the delamination plane, as the position of the void in this
plane is expected to inﬂuence the stress ﬁeld at the delamination
front more than positions of the same void in other locations for a
given distance from the delamination front. The distance of the cen-
ter of void from the delamination front, denoted by d, is used as a
variable. Although in reality the voids have a 3-D geometry, in the
2-D ﬁnite element (FE) model used here, the voids are modeled as
a through-width cutout region parallel to the delamination front.
Images of voids situated in interfaces between plies in unidirec-
tional composites manufactured from pre-pregs are shown on
Fig. 2. As described in Huang and Talreja (2005), most of the these
voids have elongated cylindrical, cigar-shaped geometry running
along the ﬁber direction. Hence, in our model, for simplicity and
to adapt the void shape to the 2-D case, the section of the void par-
allel to the ﬁber direction is modeled as a rectangle with semi-cir-
cular caps at both ends, as illustrated in Fig. 1. The void dimensions
Lv and hv are depicted in Fig. 1.
A 2-D geometrically nonlinear FE analysis was performed using
the commercial software ABAQUS. For the model shown in Fig. 1,
Because of the symmetry, half of the plate was modeled and sym-
metry boundary conditions were imposed on the plane X = 0. At
the bottom of the plate, displacement along the Y-direction was
constrained in order to induce local buckling. At the end of the
plate, L = 50 mm, uniform axial displacement was applied to simu-
late the compressive load. Eight node plane strain quadrilateral
elements were used near the delamination front, and reduced inte-
gration scheme was implemented in order to improve the perfor-
mance of the 2-D elements. As recommended for the virtual
crack closure technique (VCCT), the region near delamination front
was modeled by symmetrically regular shaped elements of uni-
form size, as indicated in the FE mesh shown in Fig. 3, and the
smallest element size was chosen as e = 0.0125 mm.
It is noted that we did not impose the contact constraint in the
model for the following reason. As described in Whitcomb (1981)
for near-surface delamination, the competitive interaction be-
tween the delamination front opening and closing moments,
caused respectively by the increase of lateral deﬂection and the
eccentricity in load path measured from the initial to the buckled
conﬁguration, leads to the delamination front opening ﬁrst and
then closing locally with the increase of the applied load. This re-
sults in the non-monotonic variation in GI (to be shown later).
Since contact constraint was not imposed in the model, this would
result in potential delamination face overlap in the FE analysis
when the delamination front is closing. However, it was found that
the maximum GI was reached while delamination front was still
open and thus there is no contact between delamination faces at
that point. After reaching the GImax, if the delamination front starts
to close locally with increasing applied load and delamination faceation of the model.
Fig. 2. Sections of a carbon/epoxy unidirectional composite containing 1.25% voids (Bowles and Frimpong, 1992). Arrows marks typical voids in (a) a section parallel to the
ﬁber direction, and (b) a section perpendicular to the ﬁber direction.
Fig. 3. FE mesh near delamination front and void.
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analysis does not change signiﬁcantly from the contact analysis va-
lue (Whitcomb, 1984), and can therefore be used as a good
approximation.
A postbuckling analysis for the case of delamination without
void was also performed. FE model for the no-void case was basi-
cally the same as that for the void case. FE results of both cases
were then compared in order to demonstrate the effects of voids.3. Model validation
The validation of the FE model was done for the no-void case, as
described below.
In the non-linear postbuckling analysis, a small sine-shaped
transverse displacement (or imperfection) based on the linear
buckling analysis is usually introduced in order to initiate buckling,
Here, three different trial values of the initial transverse displace-
ment are chosen (d/H = 0.25%, 0.5%, and 2.5%) in order to assess
its effect on G. The calculated mode I and mode II components of
G, denoted GI and GII, respectively, are plotted in Fig. 4. As seen
in Fig. 4, in each case, GI increases ﬁrst and then starts to decrease
after applied load reaches around 4 KN, while GII increases mono-
tonically with increasing applied load. Meanwhile, GI value isaffected only slightly for d/H = 0.5% or less, while GII value shows
insensitivity to all three values of d. Thus, d/H = 0.5% is selected
for the current study.
The calculated values of G from the FE model were then com-
paredwith the solution for ‘‘thick-column’’ (or ‘‘thick-beam’’)model
proposed by Chai et al. (1981). In that paper, ‘‘thin-ﬁlm’’, ‘‘thick-col-
umn’’ and ‘‘general’’ models were developed and compared. The
‘‘thin-ﬁlm’’ model assumes a thin delamination plate with inﬁnitely
thick unbuckled part, and solution for G is then obtained by treating
the buckled plate by a 1-D beam theory. The ‘‘general’’ model is,
however, more complex because of the ﬁnite thickness of the
unbuckled part, and in order to apply a 1-D beam theory, the entire
plate is divided into sections, each assumed as a beam column. The
plate is assumed to undergo cylindrical bending, and compatibility
and equilibrium are enforced at interfaces between sections. The
solution to G is evaluated numerically, as a closed form solution is
not possible. As noted by Chai et al. (1981), the ‘‘general’’ case is sig-
niﬁcantly simpliﬁed if the thickness of delaminated plate is small
compared to unbuckled plate, in which case and bending contribu-
tions from unbuckled sections can be neglected. The model then re-
duces to what Chai et al. (1981) called the ‘‘thick column’’ model,
and a closed form solution for G could be obtained. In the current
study, since the bottom of the FE model described above was ﬁxed
in the y-direction in order to avoid rigid bodymotion and to initiate
Fig. 4. Effect of initial transverse displacement on calculated G values (a) GI, and (b)
GII.
Fig. 5. Comparison of GT results given by the FE model and the analytical model.
Fig. 6. Effect of void on GI.
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resulting in the ‘‘thick-column’’ model. Therefore, the solution to
G corresponding to the ‘‘thick column’’ model was used to validate
our FE model. The expression for G is reproduced below as Eq. (1),
where it is denoted as GT. In Eq. (1), unknown variables
e0; ecr and eL are loading strain, buckling strain of delamination
plate and buckling strain of the whole plate, respectively. It is noted
that theGI andGII values obtained from the VCCT are added together
for comparison with this value, as the ‘‘thick column’’ model
provides only the total G value. As seen in Fig. 5, a good agreement
between the FEmodel and this value is found, validating thereby the
accuracy of the FE model used here.
GT ¼Np4 tH 1 tH
  e0
eL
 ecreL
 
e0
eL
þ ecreL 3þ4 tH aL
 
1 tH
 	h .
18 1 tH tH aL
 2 
N¼ E11H5ð2LÞ4 1m212
 1
ecr ¼ p23 1m212ð Þ
t
2a
 2
; eL ¼ p23 1m212ð Þ
H
2L
 2
9>>>=
>>>>;
ð1ÞFig. 7. Effect of void on GII.4. Results and discussion
Having validated the FE model, we now proceed to examine the
effects of voids on G and buckling displacement associated with the
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nent of G as well as the total G against the applied load P normal-
ized by a reference value Pcr, the applied load when buckling
occurs. Void dimensions Lv = 520 lm and hv = 20 lm were chosen
in order to represent the commonly found voids in unidirectional
composites manufactured using pre-pregs in an autoclave process
(Huang and Talreja, 2005). The distance between delamination
front and void center was taken as d = 0.40 mm.
From Fig. 6 it can be seen that GI increases ﬁrst and then de-
creases, which as described previously is attributed to the compet-
itive interaction between the crack front opening and closing
moments. At a certain applied load, which depends on the geome-
try of the delamination and material properties of the structure, GI
starts to decrease as delamination front starts to close.
As seen in Fig. 6, in the opening phase of the delamination front,
i.e. before GI reaches its maximum value, the presence of void de-
creases GI. The effect of void on GI becomes more signiﬁcant during
the closing tendency of the delamination, when the presence of
void enhances GI. However, this effect is of no practical interest
since failure from delamination will occur at or before reaching
the maximum GI value. Unlike GI, the presence of void increases
GII regardless of whether delamination front is opening or closing.
Meanwhile, note that for the same P, the GII value is much larger
than GI, which is due to closeness of the delamination to the plateFig. 8. Effect of void on delamination buckling displacement.
Fig. 9. Effect of void on buckling displacement of region near delamination front.surface. As a result, GT is dominated by GII, and the effect of void on
GT is expected to follow the same trend as that for GII and thus is
excluded in the following discussion. It should be noted that the
calculated results are for the loads less than that required to com-
pletely close the delamination front.
Fig. 8 shows the transverse displacement of the buckled delam-
ination for the no-void and void cases under three different applied
loads. Due to symmetry, the displacement proﬁle of one-half of theFig. 10. Effect of void on normal stress distribution along the delamination plane.
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effect of the presence of void on the buckling displacement.
In Fig. 9 the postbuckling displacement of the region close to the
delamination front is plotted for the no-void and void cases at the
three applied loads. Comparing Fig. 8 and Fig. 9 it can be seen that
while away from the delamination front the transverse displace-
ment increases monotonically with the applied load, it does not
do so very close to the delamination front. There it increases with
the applied load until about P/Pcr = 2.35, i.e. until GI attains its max-
imum (see Fig. 5), and then decreases following the trend in GI.
It is clear that the presence of void ahead of the delamination
front induces a stress perturbation, which by interacting with the
stress ﬁeld near the delamination front affects its G values. In an
effort to gain insight into the observed trends in the effects on GI
and GII, we calculate the stresses on the delamination plane ahead
of the delamination front. Since both the normal stress (r22) and
the shear stress (r12) on this plane are singular at the delamination
front, we calculate their values slightly away from the delamina-
tion front. The normal and interlaminar shear stresses are plotted
in Fig. 10 and Fig. 11, respectively, at three applied loads, P/
Pcr = 1.35, 2.35, and 3.88 for the no-void and void cases.
As seen in Fig. 10, with the presence of void, normal stress clo-
ser to the delamination front is slightly lower in the opening phase
(P/Pcr = 1.35 and 2.35) and then becomes higher during the closing
of the delamination front (P/Pcr = 3.88). In Fig. 11, interlaminar
shear stress closer to the delamination front is always higher in
the void case irrespective of the opening and closing of the delam-
ination front. Both results demonstrate the same trend as that
shown in Fig. 5 and Fig. 6. As a result, it could be suggested that
the presence of void causes a stress perturbation near the delami-
nation front and thus affects the corresponding G components
accordingly.Fig. 11. Effect of void on interlaminar shear stress distribution along the delam-
ination plane.5. Parametric studies
5.1. Effects of void size and location
The effects of void size and void location are studied to gain fur-
ther insight into the delamination failure. For GI, only the values in
the opening phase of the delamination front matter and among
these the maximum values are the most critical. Therefore, in both
void and no-void cases, the maximum values of GI were calculated
and compared to determine the void effect on GI. The effects on GII
are also calculated and it is noted that GT follows the same trend as
GII.
Figs. 12 and 13 show the inﬂuence of void size on the calculated
G values, with void’s height and location kept constant. From these
ﬁgures it can be seen that the maximum GI value decreases with
increasing void size while all values of GII increase with increasing
void size.
The effects of void location with respect to the delamination
front are shown in Figs. 14 and 15. As indicated in Fig. 14, the effect
of void position on the maximum GI value is not monotonic. The
void tends to decrease this value for a short distance of d  0.6 mm,
beyond which the effect diminishes and the maximum GI ap-
proaches the no-void value. GII, on the other hand, increases mono-
tonically as the void approaches the delamination front, and this
effect dies out as the void moves away, as shown in Fig. 15.5.2. Effects of stiffness properties
In the study of the void effects presented above, we used typical
properties of a graphite/epoxy composite (Table 1), also since these
properties were used in a previous study of postbuckling without
voids (Whitcomb, 1984). It would be of interest to determinehow the void effects manifest themselves for other graphite/epoxy
composites and for other material systems such as glass/epoxy. For
this reason we present below the effects on G of variations in the
longitudinal modulus E1, the transverse modulus E2, and the stiff-
ness ratio E1/E2. The void geometry and its position in the interface
are kept constant.
Fig. 12. Effect of void size on maximum GI. (void is 0.14 mm away from the
delamination front).
Fig. 13. Effect of void size on GII. (void is 0.14 mm away from the delamination
front).
Fig. 14. Effect of void location on maximum GI.
Fig. 15. Effect of void location on GII.
Fig. 16. Effect of stiffness ratio on maximum GI in the void case (d = 0.4 mm).
942 L. Zhuang, R. Talreja / International Journal of Solids and Structures 51 (2014) 936–944Fig. 16 plots the computed maximum GI values in the void
case against the stiffness ratio. The upper curve in the ﬁgure is
for the case of constant longitudinal stiffness, while the lower
curve shows variation when the transverse modulus is kept ﬁxed.
As can be seen, the maximum GI depends strongly on the longitu-
dinal modulus, while it barely changes with the transverse mod-
ulus. Similar results are found for GII. From Figs. 17 and 18 it is
seen that in the void case (results displayed by solid symbols),
change of E1/E2 ratio has little effect on GII with constant E1
(Fig. 17) while it increases with increasing E1/E2 ratio in the case
of constant E2 (Fig. 18).
It is to be noted that the G values (both GI and GII) depend
strongly on E1 irrespective of voids. The presence of voids brings
about additional changes in G. These changes on GII are illustrated
in Figs. 17 and 18. For the effects on the maximum GI we plot in
Fig. 19 its ratio with respect to the no-void value against E1/E2.
As can be seen, while the strong dependency of the maximum GI
on E1 is maintained, the voids either reduce or increase this value.
The non-monotonic effect of stiffness ratio on the maximum GI for
one ﬁxed E1 and E2 case was discussed above (Fig. 16). Fig. 19
shows, however, that increasing stiffness ratio tends to increase
the effect of voids on the maximum GI.
Fig. 17. Effect of stiffness ratio on GII (E1 Constant, d = 0.4 mm).
Fig. 18. Effect of stiffness ratio on GII (E2 Constant, d = 0.4 mm).
Fig. 19. Effect of stiffness ratio on void effect (d = 0.4 mm).
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At this point we have a good understanding of the effects of void
on SERR, especially on GII. Contrary to GII, the effects of void on GI
are more complex. Since the delaminated plate thickness (distance
between the delamination and the surface) t = 0.25 mm considered
above produces small GI, it would be interesting to study the case
where GI is more signiﬁcant during a mixed-mode delamination.
Previous studies (Whitcomb, 1981) have shown that trends for GI
and GII with respect to applied load are similar in different delami-
nated plate thicknesses while maximum value of GI increases as
thickness increases. As a result, a further study was conducted here
to investigate the void effect on GI and GII in thicker delaminated
plate in the local buckling range. The FE model is the same as pre-
vious described except for the difference of t.
As shown in Fig. 20, with the increase of t, the presence of void
increases GI more with thicker delaminated plate. From Fig. 21, it is
seen that the presence of void increases GII in all cases. However,
despite the large difference of GII values in different t cases, it is
found that the void effect on GII increases only slightly as t in-
creases, indicating that GII is less sensitive than GI with respect to
the delaminated plate thickness. Finally, based on what we have
found, it would be expected that a delamination would grow moreFig. 20. Effect of void on GI with different delaminated plate thickness (d = 0.4 mm).
Fig. 21. Effect of void on GII with different delaminated plate thickness
(d = 0.4 mm).
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cal buckling in the presence of voids.
6. Conclusions
A study has been performed to examine the effect of a single
void ahead of the delamination front on the postbuckling behavior
of a unidirectional composite plate under axial compression. The
FE model, validated against an analytical model, was used to eval-
uate the values of G and to perform the stress ﬁeld analysis near
the delamination front. The stresses on the delamination plane
ahead of the delamination front were found to be consistent with
the calculated trends in GI and GII. Parametric studies were per-
formed to investigate the effects of the void geometry and position,
and the elastic properties of the composite. Following conclusions
from these studies can be drawn.
a. The presence of void shows negligible effect on the buckling
displacement of the part containing delamination.
b. The effect of void on GI shows a complex trend. In the open-
ing phase of the delamination front, until GI attains its max-
imum value, different size and location of the void have
different effects on GI, and depending on the composite stiff-
ness ratio and thickness of the delaminated part of the plate,
the presence of void may decrease or increase the maximum
GI.
c. In the presence of voids, GII increases with increasing void
size and with decreasing distance from the delamination
front.
d. With all other parameters the same, the presence of voids is
likely to be more detrimental for a structure undergoing
local buckling with thicker delaminated plate.
The itemized conclusions stated above are a summary of the re-
sults of the mechanics analyses presented here. The important
implication for applications to composite structures is the fact that
manufacturing induced defects such as voids inﬂuence the struc-
tural integrity, here more speciﬁcally the unstable growth of post-
buckling delamination. Further, the results illustrate that the size,
shape and position of the voids have speciﬁc inﬂuence that cannot
be properly captured in the void volume fraction. Thus placing a
threshold on the void volume fraction as a acceptance/rejection
criterion is inadequate.References
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